Motivated by the large difference between the direct CP asymmetries A CP (B − → π 0 K − ) and A CP (B 0 → π + K − ), we combine the up-to-date experimental information on B → πK, πK * and ρK decays to pursue possible solutions with the nonuniversal Z ′ model. Detailed analyses of the relative impacts of different types of couplings are presented in four specific cases. Numerically, we find that the new coupling parameters, ξ LL and ξ LR with a common nontrivial new weak phase φ L ∼ −86 • , which are relevant to the Z ′ contributions to the electroweak penguin sector △C 9 and △C 7 , are crucial to the observed "πK puzzle". Furthermore, they are found to be definitely unequal and opposite in sign. We also find that A CP (B − → ρ 0 K − ) can put a strong constraint on the new Z ′ couplings, which implies the Z ′ contributions to the coefficient of QCD penguins operator O 3 involving the parameter ζ LL required.
Introduction
During the past several years, the observed discrepancies between the experimental measurements and the theoretical predications within the Standard Model (SM) for several observables in B → πK decays, the so-called "πK puzzle" [1] , have attracted much attention. Extensive investigations both within the SM [2, 3, 4, 5, 6, 7] , as well as with various specific New Physics (NP) scenarios [8, 9, 10] , have been performed.
Averaging the recent experimental data from BABAR [11] , Belle [12] , CLEO [13] and CDF [14] , the Heavy Flavor Averaging Group (HFAG) gives the following up-to-date rsults [15] A CP (B − → K − π 0 ) = 0.050 ± 0.025 ,
from which the difference between direct CP violations in the charged and the neutral modes
is now established at about 5σ level.
Theoretically, it is generally expected that within the SM, these two CP asymmetries [8] .
Here, the Scheme I is the way to parameterize the end-point divergence appearing in hardspectator and annihilation corrections, by complex parameters X A,H = 1 0 dy/y = ln(m b /Λ)(1+ ρ A,H e iφ A,H ), with ρ A,H ≤ 1 and unrestricted φ A,H [3] . The Scheme II, as an alternative to the first one, is the way to quote the infrared finite gluon propagator to regulate the divergence. It is interesting to note that an infrared finite behavior of gluon propagator are not only obtained by solving the well-known Schwinger-Dyson equation [17, 18, 19] , but also supported by recent Lattice QCD simulations [20] . However, both of these two schemes suffer the mismatch of ∆A given by Eq. (2) . Furthermore, within the framework of perturbative QCD approach (pQCD) [21] , and the soft-collinear effective theory (SCET) [22] , the theoretical predictions read
   A CP (B − u → π 0 K − ) SCET = (−11 ± 9 ± 11 ± 2)% ,
SCET [6] .
Obviously, the present theoretical estimations within the SM are not consistent with the established ∆A. The mismatch might be due to our current limited understanding of the strong dynamics involved in hadronic B decays, but equally also to possible NP effects [23, 24] .
In some well-motivated extensions of the SM, additional U(1) ′ gauge symmetries and associated Z ′ gauge boson could arise. Searching for the extra Z ′ boson is an important mission in the experimental programs of Tevatron [25] and LHC [26] . Performing the constraints on the new Z ′ couplings through low-energy physics, on the other hand, is very imporatnt for the direct searches and understanding its phenomenology. Theoretically, the flavor changing neutral current (FCNC) is forbidden at tree level in the SM. One of the simple extensions is the family nonuniversal Z ′ model, which could be naturally derived in certain string constructions [27] , E 6 models [28] and so on. It is interesting to note that the nonuniversal Z ′ couplings could lead to FCNC and new CP-violating effect [29] , which possibly provide a solution to the afore mentioned "πK puzzle". With some simplifications of the nonuniversal Z ′ model and neglecting the color-suppressed electroweak (EW) penguins and the annihilation amplitudes, Ref. [9] gets four possible solutions
However, the corresponding prediction
A LR in Eq. (7) is obviously inconsistent with the up-to-date experimental data 0.050 ± 0.025.
Moreover, the annihilation amplitudes, which could generate some strong-interaction phases, are important for predicting CP violations.
Based on the above observations, in this paper we shall adopt the QCDF approach and reevaluate the effects of the nonuniversal Z ′ model on these decay modes with the updated experimental data. Furthermore, since the B → πK * and ρK decays also involve the same quark level b → sqq (q = u, d) transition, it is necessary to take into account these decay modes.
In Section 2, we provide a quick survey of B → πK, πK * and ρK decays in the SM within the QCDF formalism; our numerical results, with two different schemes for the end-point divergence, are also presented. In Section 3, after reviewing the nonuniversal Z ′ model briefly, we present our analyses and numerical results in detail. Section 4 contains our conclusions.
Appendix A recapitulates the decay amplitudes for the twelve decay modes within the SM [3] .
Appendix B contains the formulas for hard-spectator and annihilation amplitudes with the infrared finite gluon propagator [8] . All the theoretical input parameters are summarized in Appendix C.
2 The SM results with two schemes for the end-point divergence.
In the SM, the effective Hamiltonian responsible for b → s transitions is given as [31] 
where V qb V * qs (q = u, c and t) are products of the Cabibbo-Kobayashi-Maskawa (CKM) matrix elements [30] , C i the Wilson coefficients, and O i the relevant four-quark operators whose explicit forms could be found, for example, in Refs. [2, 31] .
In recent years, the QCDF approach has been employed extensively to study the hadronic B-meson decays. The B → πK, πK * and ρK decays have been studied comprehensively within the SM in Refs. [2, 3, 4, 32] , and the relevant decay amplitudes within this formalism are shown in Appendix A. It is also noted that the framework contains estimates of the hard-spectator and annihilation corrections. Even though they are power-suppressed, their strength and associated strong-interaction phase are numerically important to evaluate the branching ratio and the CP asymmetry. However, unfortunately, the end-point singularities appear in twist-3 spectator and annihilation amplitudes. So, how to regulate the end-point divergence becomes important and necessary within this formalism. Here we shall adopt the following two schemes:
As the most popular way, the end-point divergent integrals are treated as signs of infrared sensitive contributions and phenomenologically parameterized by [2, 3] 
with Λ h = 0.5 GeV, ρ A ≤ 1 and φ A unrestricted. X H is treated in the same manner. The different choices of ρ A and φ A correspond to different scenarios as discussed in Ref. [3] , and S4
is mentioned as the most favorable one. It presents the moderate value of nonuniversal anni- As is known, the mixing-induced CP asymmetry A mix CP is well suited for testing the SM and searching for new physics effects. For example, the investigation of mixing-induced CP asymmetries in penguin dominatedB
S decay modes has attracted much attention recently [33, 34, 35, 36] . After neglecting the K 0 −K 0 mixing effect, the mixing-induced asymmetry could be written as
]}Ā f /A f in our phase convention. Our numerical predictions are listed in Table 4 , which agree with the measurements within large experimental errors.
Scheme II: Infrared finite dynamical gluon propagator
In our previous paper [8] , we have thoroughly studied the end-point divergence with an infrared finite dynamical gluon propagator. It is interesting to note that recent theoretical and phenomenological studies are now accumulating supports for a softer infrared behavior of the gluon propagator [19, 37, 38] . Furthermore, the infrared finite dynamical gluon propagator, which is shown to be not divergent as fast as 1 q 2 , has been successfully applied to the hadronic B-meson decays [39, 40] . In our evaluations, we shall quote the gluon propagator derived by
where q is the gluon momentum. The corresponding strong coupling constant reads
where
n f is the first coefficient of the beta function, with n f being the number of active quark flavors. The dynamical gluon mass square
where m g is the effective gluon mass and Λ QCD = 225 MeV. In Ref. [8] , we present our suggestion, m g = 0.50±0.05 GeV, which is a reasonable choice so that most of the observables (except
are in good agreement with the experimental data. In this way, we find that the hard-spectator scattering contributions are real, and the annihilation contributions are complex with a large imaginary part [8] . Our numerical predictions for branching ratios, direct CP asymmetries and mixing-induced CP asymmetries are listed in the fourth column of Tables 2, 3 and 4, respectively.
Although numerically these two schemes have some differences, both of their predictions are consistent with most of the experimental data within errors. However, as expected in the SM, we again find that
is still hard to accommodate the measured large difference ∆A in the SM within the QCDF formalism, irrespective of adopting which scheme. In the following, we pursue possible solutions to this problem with a family nonuniversal Z ′ model [29] .
3 Solution to the "πK puzzle" with nonuniversal Z ′ model.
Formalism of the family nonuniversal Z ′ model
A possible heavy Z ′ boson is predicted in many extensions of the SM, such as grand unified theories, superstring theories, and theories with large extra dimensions. The simplest way to extend the SM gauge structure is to include a new U(1) gauge group. A family nonuniversal Z ′ model can lead to FCNC processes even at tree level due to the non-diagonal chiral coupling matrix. The formalism of the model has been detailed in Ref. [29] . The relevant studies in the context of B physics have also been extensively performed in Refs. [9, 42, 43, 45] .
After neglecting the Z − Z ′ mixing with small mixing angle θ ∼ O(10 −3 ) [44] , and taking all the fields being the physical eigenstates, the Z ′ part of the neutral-current Lagrangian can be written as [29] 
where g ′ is the gauge coupling constant of extra
where ψ is the mass eigenstate of chiral fields and P L,R = (1 ∓ γ 5 )/2. The effective chiral Z ′ coupling matrices are given as
With the assumption of flavor-diagonal right-handed couplings , the Z ′ part of the effective Hamiltonian for b → sqq (q = u, d) transitions can be written as [9] 
where g 1 = e/(sin θ W cos θ W ) and M Z ′ the new gauge boson mass. It is noted that the forms of the above operators already exist in the SM. As a result, Eq. (17) can be modified as
where O q i (i = 3, 5, 7, 9) are the effective operators in the SM, and ∆C i the modifications to the corresponding SM Wilson coefficients caused by Z ′ boson, which are expressed as
in terms of the model parameters at the M W scale.
Generally, the diagonal elements of the effective coupling matrices B L,Rare real as a result of the hermiticity of the effective Hamiltonian. However, the off-diagonal ones of B L sb can contain a new weak phase φ L . Then, conveniently we can represent ∆C i as
where the real NP parameters ζ LL,LR , ξ LL,LR and φ L are defined, respectively, as
It is noted that the other SM Wilson coefficients may also receive contributions from the Z ′ boson through renormalization group (RG) evolution. With our assumption that no significant RG running effect between M ′ Z and M W scales, the RG evolution of the modified Wilson coefficients is exactly the same as the ones in the SM [31, 41] . For simplicity, we define
The numerical results of Wilson coefficients in the naive dimensional regularization (NDR) Table 1 . The values at the scale µ h , with m b = 4.79 GeV and Λ h = 500 MeV, should be used in the calculation of hard-spectator and weak annihilation contributions.
Numerical analyses and discussions
With the theoretical formulas and the input parameters summarized in Appendix A, B and C, we now present our numerical analyses and discussions. Our analyses are divided into the following four cases with different simplifications for our attention, namely,
dd (i.e., ζ LL,LR = 0) and ξ LR = 0, Our fitting is performed with the experimental data varying randomly within their 2σ errorbars, while the theoretical uncertainties are obtained by varying the input parameters within the regions specified in Appendix C. In addition, we quote the Scheme II (taking m g = 0.5GeV) to regulate the appearing end-point divergences.
With the assumption B L,R uu ≃ −2B
L,R dd and neglecting the color-suppressed EW penguins and the annihilation amplitudes, four possible solutions Eq. (7) to the "πK puzzle" are obtained in Ref. [9] . It is still worth to recheck these solutions with the updated experiment data and 
2.4 ± 0.7 4.1 ± 0.5 3.9 ± 1.3 3.6 ± 0.5 3.7 ± 0.4 3.5 ± 0.4 3.5 ± 0.4
5.2 ± 0.9 10.6 ± 3.7 9.6 ± 1.4 9.7 ± 1.3 10.6 ± 1.3 10.7 ± 1.5 
As shown in Fig. 1 (a) , taking ξ LL = 0.004 and ξ LR = 0, we find that 
+8.1 −10.4 57.3 ± 5.8 42.3 ± 9.5 −36 ± 10 −46 ± 12 27 ± 4 27 ± 5 
60 ± 2 66 ± 2 87 ± 2 84 ± 3 85 ± 3 86 ± 9
enhanced to be consistent with the experimental data when φ L ∼ −90
, which agree roughly with the experimental data in the SM, are not sensitive to the parameter ξ LL . So, a possible solution to the observed "πK puzzle" Eq. (2) in Case I is naively favored. Taking B(B → πK) and A CP (B → πK) as constraints on ξ LL and φ L , the allowed region for these two parameters are shown in Fig. 3 and the corresponding numerical results are listed in Table. 5, i.e., ξ LL = (3.96 ± 0.70) × 10 −3 and φ L = −88 • ± 7
• . Our result confirms that the solution B L in Eq. (7) is helpful to resolve the "πK puzzle" (note that a bit of difference might be due to the fact that the annihilation corrections are not included in Ref. [9] ). However, the solution A L is excluded by the updated experimental data
as indicated in Fig. 1 (a) . is very close to the measurement 0.57 ± 0.17 [15] . However, the prediction for A CP (B − → ρ 0 K − ) = −0.36 ± 0.10 presents a large discrepancy (larger than 6σ errors) with the current experiment data 0.419
−0.104 [15] , which is also shown in Fig. 2 (a) . This fact implies that A CP (B − → ρ 0 K − ) can provide a strong constraint on the Z ′ couplings, at lease in Case I, and some more general Z ′ models might be required to explain all of these measurements. It is interesting to note that, as shown in Fig. 1 (b) , a region of minus ξ LR with φ L ∼ −90
• can bridge the discrepancy of A CP (B − → π 0 K − ) between theoretical predictions and experimental data. Moreover, it is also possible to moderate the problem of Fig. 2 (b) . So, in Case II we give up the simplification ξ LR = 0 and pursue possible solutions to these discrepancies.
Taking B(B → πK) and A CP (B → πK) as constraints, we present the allowed regions for ξ LL , ξ LR and φ L in Fig. 4 . Unfortunately, we find that the required region of minus ξ
, because it will induce a large negative Fig. 1 (b) . In addition, as shown in Fig. 1 (b) , the region of plus ξ LR with φ L ∼ −90
• is helpless to resolve the "πK puzzle". The Z ′ effects are therefore still dominated by large ξ LL , and the problem of
In fact, with ξ LL and ξ LR having the same sign, the corresponding Z ′ contributions counteract with each other in the B → π 0 K − decay as shown in Figs. 1 (a) and (b) . It is also easily understood from the expression for the effective coefficient α
, which involves the leading-order Z ′ contribution in this case. Thus, we conclude that any attempt to explain the B → πK anomaly in the non-universal Z ′ model with the assumption ξ LL = ξ LR = ξ, as made in Ref. [45] , is frangible and excluded in our case.
In a word, although the Z ′ contributions with a positive ξ LL or a negative ξ LR and φ L ∼ −90
• are helpful to bridge the discrepancy of A CP (B − → π 0 K − ), they would induce the unmatched As shown in Fig. 1 (c Tables 2, 3 Table 5 . We find that, similar to Case III, the values of ξ LL,LR are definitely nonzero. The values of ζ LL is a little larger than the one in Case III, due to the interference effect caused by the parameter ζ LR . Our predictions for B(B → πK * , ρK), Tables 2, 3 consistent with the experimental data within 2σ.
Conclusions
Motivated by the recent observed large difference ∆A between
, we have investigated the effect of family non-universal Z ′ model and pursued possible solutions to the observed "πK puzzle". Moreover, we have also taken into account the constraints from the B → πK * , ρK decays, which also involve the same quark level b → sqq (q = u, d) transitions. Our main conclusions are summarized as:
• The Z ′ contributions to the coefficients of operators O 7 and O 9 (ξ LL and ξ LR ) with
• are crucial to bridge the discrepancy of A CP (B − → π 0 K − ) between theoretical prediction and experimental data. However, they are definitely unequal and opposite in sign.
• The Z ′ contributions to the coefficients of QCD penguins operator O 3 related to ζ LL are required to moderate the contradiction of
to thier experimental values induced by ξ LL and ξ LR , respectively, even though they are helpless to resolve the observed "πK puzzle". On the other hand, the Z ′ contributions to
• For all of the four cases, a new weak phase associated with the chiral Z ′ couplings, with a value about −86 • , is always required for the "πK puzzle".
Combing the up-to-date experimental measurements of B → πK, piK * and ρK decays, the family non-universal Z ′ model is found to be helpful to resolve the observed"πK puzzle". It is also reminded that more refined measurements of the mix-induced CP asymmetries in the B 0 → π 0 K S and ρ 0 K S decays are required to confirm or refute the NP signals. In the following years, the precision of measurements for these observables is expected to be much improved, which will then shrink and reveal the Z ′ parameter spaces. 
When M 1 is a vector meson and M 2 a pseudoscalar, the sign of the second term in A 
with ρ = ρ (1 − ).
C2. Quark masses and lifetimes
As for the quark masses, there are two different classes appearing in our calculation. One type is the current quark mass which appears in the factor r −0.08 GeV.
As for the B-meson lifetimes, we take [49] τ Bu = 1.638 ps and τ B d = 1.530 ps, respectively.
C3. The decay constants and form factors
In this paper, we take the heavy-to-light transition form factors [51] 
C4. The LCDAs of mesons and light-cone projector operators.
The light-cone projector operators of light mesons in momentum space read [52, 3] 
where f P,V are the decay constants, and µ P = m b r P χ /2, with the chirally-enhanced factor r 
where the quark masses are all running masses defined in the MS scheme. For the LCDAs of mesons, we use their asymptotic forms [53, 54] Φ P,V (x) = 6 x(1 − x) , φ p (x) = 1 , φ v (x) = 3(2x − 1) .
As for the B-meson wave function, we take the form [55] Φ B (ξ) = N B ξ(1 − ξ)exp
where ξ B ≡ 1 − m b /M B , and N B is the normalization constant to insure that 1 0 dξΦ B (ξ) = 1.
